The Cyclorrhapha contain about 60 000 described species and exhibit a remarkable diversity in breeding habits ranging from saprophagy over phytophagy to parasitism and predation. In order to understand how this diversity has evolved, studying the life-history evolution across Cyclorrhapha is important. However, given the size of the Cyclorrhapha, it may be advisable to first study the life-history evolution of a small subclade with an unusual diversity in larval habits. A good choice for such a subclade is the Scathophagidae. One of the most striking features of this relatively small family of 250 described species is the extreme diversity in biology. Scathophagids breed in different types of dung or other decaying organic matter such as rotting seaweed (Gorodkov, 1986; Vockeroth, 1989) , mine in leaves, bore in culms and feed on immature flowering heads, or on seed capsules and ovules. Larvae of a few species are also predators of small invertebrates or caddis fly egg masses; i.e., although commonly known as ''dung flies'', only a few species in the genus Scathophaga actually breed in dung. In contrast to the larvae, adult scathophagids appear all to be predators of other invertebrates.
Scathophagid systematics is in state of chaos at multiple levels. The Scathophagidae along with the families Fanniidae, Muscidae and Anthomyiidae comprise the superfamily Muscoidea within the Calyptratae (McAlpine and Wood, 1989) . This superfamily has been regarded by some authors as a group of convenience (Michelsen, 1991; Bernasconi et al., 2000b) while others considered it monophyletic (McAlpine and Wood, 1989) . The position of the Scathophagidae within Muscoidea (if monophyletic) is similarly contentious. It is sometimes regarded as the sister group to the Anthomyiidae (Bernasconi et al., 2000b) or at other times as the sister group of all remaining Muscoidea (McAlpine and Wood, 1989 ). Yet other authors treat the Scathophagidae as a subclade of subfamily rank of either the Muscidae or Anthomyiidae thus assuming a close relationship of Scathophagidae to either of these families (Hackman, 1956; Vockeroth, 1956 Vockeroth, , 1965 Vockeroth, , 1989 . To make matters worse, there is not even convincing evidence for the monophyly of the Scathophagidae and the same applies for its two currently recognized constituent subfamilies (Scathophaginae, Delininae: Gorodkov, 1986; Vockeroth, 1989) . Morphological characters have been successfully used for developing identification keys and creating an overall satisfactory genus-level taxonomy. However, as is evident from our account on scathophagid phylogenetics, morphological characters have been less successful for determining the position of Scathophagidae within Calyptratae or reconstructing the relationships within the family (Bernasconi et al., 2000a (Bernasconi et al., ,b, 2001 .
In 2000, Bernasconi et al. (2000a) addressed these phylogenetic problems by carrying out analyses based on COI sequences for 61 species representing 22 genera of the Scathophagidae. The most parsimonious tree provided had moderate support for many genera, but the higher-level clades only had weak or no bootstrap support. Here, we present the results of a cladistic analysis of the Scathophagidae with additional DNA sequences from the mitochondrial genes 12S rRNA, 16S rRNA, cytochrome oxidase subunit I, cytochrome b and the nuclear genes 28S rRNA, Elongation factor 1-alpha (Ef1a) and RNA polymerase II (Pol II) . In this analysis, we have also added two scathophagid species and included 11 outgroups representing the remaining muscoid families Fanniidae, Muscidae and Anthomyiidae in order to be able to rigorously test the monophyly of Scathophagidae and to identify its closest relative.
Phylogenetic research on Scathophagidae is particularly timely because the scathophagids are widely used in behavioral ecology. For many years, this only applied to Scathophaga stercoraria (Scathophaginae), which was frequently used as a model organism in behavioral studies (e.g., Parker, 1970; Hosken, 1999) . However, recently scathophagid research has become more comparative and now includes species from across the entire family, although prior work on the phylogenetic relationships only yielded weakly supported hypotheses.
For example, a recent study investigating the coevolution of male and female reproductive characters utilized the tree based on COI, although many branches have little support (Minder et al., 2005) .
The feeding modes of the larvae of the Cyclorrhapha and Scathophagidae can broadly be divided into phytophagy, saprophagy, parasitism and predation. In general, decaying organic matter is considered the primitive larval medium for Cyclorrhapha from which more specialized forms of feeding such as phytophagy and predation have evolved (Ferrar, 1987) . The shift to phytophagy is seen as an evolutionary hurdle that, once overcome, can lead to rapid radiation and diversification (Mitter et al., 1988) . Here, we identify the ancestral feeding habit of the Scathophagidae and reconstruct the origins of saprophagy, predation and phytophagy. Such tracing requires a robust and well-supported phylogenetic tree for the Scathophagidae that we propose here based data from multiple genes.
Comparing alignment techniques through a sensitivity analysis
Character matrices consisting of molecular data can be analyzed using many different alignment strategies and weighting regimes. Depending on the strategy and weighting regimes that are used for the analysis, the reconstructed phylogeny will differ (Wheeler, 1995; Wheeler and Hayashi, 1998) . Here, we use a sensitivity analysis for identifying optimal analysis conditions for our data set. Our study follows Laamanen et al. (2005) in that we use the same transition, transversion and gap costs matrices and use multiple criteria for choosing optimal analysis conditions (topological congruence, character incongruence, node support). Laamanen et al. (2005) had found that character incongruence, tree support and topological congruence favored similar analysis conditions.
However, in the current analysis we go beyond Laamanen et al. (2005) and other studies comparing alignment algorithms (Terry and Whiting, 2005 ) in that we compare three different alignment strategies: ClustalX (default parameters), Direct Optimization (POY), and ''manual'' alignment. We believe that such comparison of different alignment strategies is particularly important because it is well established that they profoundly influence the outcome of cladistic analyses (e.g., Morrison and Ellis, 1997 ). Yet, currently most systematists are either firm practitioners of manual alignment or strong believers in the superiority of optimization alignment; i.e., few analyses systematically compare the results obtained under the two most popular techniques, although such comparative data may help in choosing between the available methods and provide critical information for interpreting trees based on data obtained using different alignment strategies. Lastly, here we test Grant and Kluge's (2005) contention that ''node stability'' sensu Giribet (2003) and node support are largely synonymous concepts by studying the correlation between both measures for the nodes of our trees.
Materials and methods

Taxa and DNA extractions
Sixty-three species of Scathophagidae are included in the analysis. Whole flies were frozen and pulverized in liquid nitrogen before the DNA extraction was performed using the QIAamp tissue kit (Qiagen, Valencia, CA) according to manufacturer's instructions. DNA was eluted in 400 lL of distilled water or buffer. Compared with Bernasconi et al. (2000a) , we have added 13 taxa (Table 1) representing the other muscoid families Fanniidae, Muscidae and Anthomyiidae. DNA extractions for the outgroup species and two scathophagid species were performed using phenol-chloroform extraction. The specimens were lyzed in CTAB buffer, 20 lL Proteinase K was added and the samples were incubated overnight at 55°C. DNA was extracted using phenol ⁄ chloroform ⁄ isoamyl alcohol (25 : 24 : 1) mix and precipitated with 100% ethanol. After washing the DNA pellets in 70% ethanol, they were dissolved in 50-100 lL of water.
DNA amplification and sequencing
Standard PCR amplifications were carried out with Bioline Taq and Takara Ex-Taq using approximately 1-5 lL of the DNA extractions to amplify the five different gene regions of interest. The genes sequenced for the Scathophagidae taxa are 12S, 16S, 28S, Ef1a and Pol II. Amplification of COI sequences for species lacking information in Bernasconi et al. (2000a) was also carried out. The primers used in this study are given in Table 2 . All genes were sequenced for the outgroups. The PCR cycles consisted of an initial denaturation step at 95°C for 7 min, followed by 95°C for 1.5 min, annealing at temperatures ranging from 44 to 50°C and extension at 72°C for 1.5 min. A final extension at 72°C for about 5 min was also added. The amplified gene products were purified using Bioline Quick-Clean solution following the manufacturer's protocol. Cycle sequencing reactions was performed on the purified products using BigDye Terminator v3.1. The products were then prepared for direct sequencing by removing the dye-terminator using 5 lL of Agencourt CleanSEQ solution. The sequences were edited and assembled in Sequencher 4.0. The protein encoding genes COI, Cytb, Ef1a and Pol II were aligned in the same program and yielded gap-free alignments.
The ribosomal gene sequences for 12S, 16S and 28S were aligned using three different techniques. First, an alignment was obtained using ClustalX 1.8 (Higgins and Sharp, 1988) with the gap opening and extension cost set at the default (15 : 6.66). Second, this Clustal alignment was manually re-aligned in MacClade (Maddison and Maddison, 2000) . This adjustment was taxon-blind; i.e., the taxa names were not used during the manual optimization of the alignment. Third, direct optimization was used as implemented in POY (Wheeler, 1996; Wheeler et al., 2003; documentation by De Laet and Wheeler, 2003) The indel cost was varied from 1 to 10 (see Fig. 2 ). For two reasons we refrained from differentiating between gap opening and gap extension costs (''affine gap costs'': Watermann et al., 1976; Gotoh, 1982) , although recent analyses suggest such treatment may improve congruence between gene partitions (Aagesen, 2005) . First, we were concerned about potential violations of metricity in costs sets consisting an opening, extension, and base change cost. Secondly, comparing the results of affine gap costs in POY with the other alignment techniques would be difficult given that different gap opening and extension costs cannot be easily implemented in cladistic analyses based on fixed alignments.
Tree search strategies
The data set including fixed alignments was analyzed using parsimony as implemented in PAUP* 4.0 (Swofford, 2002; using batch files for carrying out the various procedures needed for the sensitivity analysis; see Supplementary material). For each weighting regime, we carried out a heuristic search using 100 random sequence additions replicates and TBR branch swapping. Node support was assessed using Jackknife values (250 replicates, 100 random addition sequences each) obtained at 36.80% deletion as recommended in Farris et al. (1996) . The data were analyzed using five cost matrices that define different weighting regimes for state transformations. Transitions were downweighted by assigning higher weights to transversions (2, 4, 6, 8 and 10) . Third positions of protein encoding genes were downweighted by applying the same higher weights to the first and second positions and the sequences for the ribosomal genes. The analysis was carried out with gaps coded as missing data as well as using the gaps as a fifth character state. When coded as a fifth character state, gaps were given at most half the weights of the transversions to avoid violations of triangular inequalities (Wheeler, 1993) .
The data set was also analyzed using parsimony and direct optimization as implemented in POY documentation by De Laet and Wheeler, 2003) . The protein-encoding genes were entered as prealigned data. The sequences for 28S rDNA were Aquatic and predacious (Nelson, 1995) divided into three fragments using hyperconservative stem regions as break points while the relatively short 12S and 16S fragments remained whole. The sequences were analyzed using POY in a parallel computing mode on two clusters at Singapore's National Grid (''Melon'': four nodes with four Xeon CPUs; ''Hydra3'': 10 nodes with four Itanium2 CPUs) using the following string of commands: -parallel -jobspernode 2 -onan -onannum 2 -dpm -norandomizeoutgroup -maxtrees 10 -holdmaxtrees 100 -fitchtrees -seed -1 -slop 5 -checkslop 10 -dpm -multirandom -replicates 10 -treefuse -fuselimit 10 -fusemingroup 5 -fusemaxtrees 100. For the preferred analysis condition, we increased the number of replicates to 100 (same tree length was found as in the 10 replicate analysis). The analysis was carried out using the same cost matrices that were used for the fixed alignments. Node support was assessed using the Jackboot option in POY (-parallel -jackboot -jobspernode 4 -onan -onannum 4 -dpm -norandomize outgroup -maxtrees 10 -holdmaxtrees 1000 -fitchtrees -seed -1 -slop 5 -checkslop 10 -dpm -multirandom -replicates 100). The number of replicates was increased to 250 for the preferred analysis condition.
Sensitivity analysis
Separate sensitivity analyses (Wheeler, 1995) were carried out for the three alignment strategies and the following two ways to partition the data: (1) proteinencoding genes versus ribosomal genes; (2) all genes versus each other. Branch support was assessed by summing the jackknife support values above 50 (Laamanen et al., 2005) . Character incongruence for the partitions was assessed using the ILD (incongruence length difference) as implemented in Laamanen et al. (2005) (Wheeler and Hayashi, 1998) . We opted against using RILD (rescaled incongruence length difference) and MRI (Meta-Retention Index) because we had previously found that RILD and ILD were highly correlated (Laamanen et al., 2005) and MRI remains unpublished (but see Aagesen et al., 2005) . Topological congruence was determined for each partition by counting the number of nodes on the strict and semistrict consensus trees (Laamanen et al., 2005) . For the partitioning scheme using protein encoding genes versus ribosomal genes, the symmetric tree distance metric (Penny and Hendy, 1985) and the corrected symmetric tree distance metric were computed (Laamanen et al., 2005) .
Natural history
Data for the breeding and feeding habits of larvae for the different species of the Scathophagidae (Table 1) were compiled from the literature and personal observations of Frantisˇek Sˇifner. Natural history information was only available for a subset of the taxa used in this study and the tree was reduced by pruning all outgroups and terminals lacking natural history information. Larval breeding habits were mapped on to the most parsimonious tree (Fig. 4) using two different character definitions and the ''trace character'' option in MacClade. In the case of multiple optimizations, we inspected all equally parsimonious mappings. We first coded ''phytophagy'' as one character state in a multistate ''natural history evolution'' character (states: phytophagy, predation, saprophagy). Alternatively, we divided ''phytophagy'' into ''monocot phytophagy'' and ''dicot phytophagy.'' This coding does not assume homology between feeding on monocots and dicots.
Results
Sequence data for the 78 taxa were compiled and concatenated in MacClade 4.0 (Maddison and Maddison, 2000) . The ClustalX aligned data set had 5060 characters, whereas in the manually aligned data set the Table 2 Primers used in study.
Gene
Primer name Sequence   12S  12Sai  5¢-AAA CTA GGA TTA GAT ACC CTA TTA  12Sr_cal  5¢-CCC CTA GGA TTA GAT ACC CTA TTA  16S  16Sf.dip  5¢-CGC CTG TTT AAC AAA AAC AT  16Sr.dip  5¢-TGA ACT CAG ATC ATG TAA GAA A  COI  mtD8  5¢-CCA CAT TTA TTT TGA TTT TTT GG  mtD12  5¢-TCC AAT GCA CTA ATC TGC CAT ATTA  Cytb  CB-J-10933  5¢-TAT GTT TTA CCT TGA GGA CAA ATA TC  TSI-N-11683  5¢-AAA TTC TAT CTT ATG TTT TCA AAA C  28S  rc28A  5¢-AGC GGA GGA AAA GAA AC  28C 5¢-GCT ATC CTG AGG GAA ACT TCG G Ef1a M-441 5¢-CAG GAA ACA GCT ATG ACC GCT GAG CGY GAR CGT GGT ATC AC rcM4 5¢-ACA GCV ACK GTY TGY CTC ATR TC Pol II 5F 5¢-CCI CAY TTY ATH AAR GAY GA 17R 5¢-TTY TGN GCR TTC CAD ATC AT number of characters is reduced to 5052. The jackknife support, ILD and symmetric tree distances for different partitions of the data set from the various) analyses using different weighting regimes for different alignment strategies and treatment of gaps as missing or information are summarized in Table 3 .
Alignment techniques, indel treatment, character transformation weighting
The default Clustal alignment performs worst with regard to two optimality criteria: it yields the highest character incongruence and lowest topological congruence regardless of whether indels are scored as missing values or fifth character states. With regard to the third parameter, branch support, Clustal alignments outperform POY, but not the manual alignment (however, it is unclear whether jackknife values based on fixed alignments can be directly compared with those from optimization alignment analyses). The manual alignment and direct optimization perform at similar levels. For the ''protein versus ribosomal genes'' analysis, the lowest character incongruence is observed for POY while the manual alignment outperforms POY in the ''all genes versus each other'' sensitivity analysis. A similar pattern emerges with regard to topological congruence with both techniques yielding optimal values depending on which measure of topological congruence is used and how the data set is partitioned (Table 3) .
Downweighting of third positions for protein-encoding genes increases character incongruence and lowers jackknife support as well as topological congruence for all three ways of aligning and two ways of partitioning the data. However, downweighting transitions improved tree support and lowered ILD values for all alignment techniques. The highest jackknife support was obtained for the weighting regime tv ¼ 4, when the analysis was carried out using gaps as information and the manually aligned data set. The ILD values and symmetric tree distance between the protein and ribosomal partitions are lowest at tv ¼ 2 and tv ¼ 6, respectively, but as the tree topologies for tv ¼ 2, 4 and 6 weightings are identical, we prefer the strict consensus tree of the two most parsimonious trees obtained at tv ¼ 4 (Figs 1 and  2 ). This tree is used for our phylogenetic discussion and for tracing the natural history evolution. The tree topology of the favored POY treatment only differs with regard to outgroup arrangement; i.e., it is also very similar to the trees obtained based on manual alignment with transversion weighting. However, the equal weighting tree differs in several regards from the preferred tree (compare Figs 1, 2 and 3) .
All analyses of the data set confirm the monophyly of the family Scathophagidae with the Anthomyiidae being its next closest relatives when the tree is rooted to Fannia armata. Based on our rooting and our very limited taxon sample, the Anthomyiidae are a paraphyletic group. However, the monophyly of the two subfamilies of Scathophagidae is well supported and our phylogenetic hypothesis is thus consistent with the proposed subfamily classification of the Scathophagidae into the Scathophaginae and Delininae (Gorodkov, 1986; Vockeroth, 1989) based on morphology. The data also confirm the monophyly of most genera including Cordilura, Nanna, Norellia, Gimnomera, Hydromyza and Spaziphora and resolves the intergeneric relationships. The ancestral feeding habit in the Scathophagidae is phytophagy from which saprophagy and predation have evolved. In general, we see that two shifts to saprophagy and one shift to predation has occurred. A second origin of predation is found within the otherwise saprophagous Scathophaga.
Discussion
Sensitivity analyses and choice of alignment
Proposing a phylogenetic hypothesis for the Scathophagidae based on the results of our sensitivity analysis is at the same time difficult and relatively straightforward as the following discussion will reveal. We here use a number of different indicators to choose optimal analysis conditions and we find slight differences with regard to which weighting regime or alignment technique should be used. However, fortunately the tree(s) that are favored by all these indicators are either identical or very similar (Figs 1 and 2 ). Furthermore, we find an orderly pattern in the recommendations from the sensitivity analyses in that mostly similar weighting regimes yield optimal values (see also Terry and Whiting, 2005) . This finding mirrors the results of a similar studies (e.g., Aagesen et al., 2005; Aagesen, 2005; Laamanen et al., 2005) that indicated that sensitivity analyses can be based on several criteria (e.g., character incongruence, topological congruence, branch support) without obtaining wildly conflicting results.
We find that for the scathophagid data set, assigning higher weights to transversion than transitions is the preferred treatment. Such transversion weighting improves node support, character congruence, and topological congruence for all three different ways to align the ribosomal genes (ClustalX, Manual, POY). For our laboratory this is now the fourth sensitivity analysis in a row for which we find that transversion weighting is favored (Meier and Wiegmann, 2002; Damgaard et al., 2005; Laamanen et al., 2005) . We thus believe that this strategy may be of considerable importance for many data sets. For the scathophagid data set, we find that several indicators favor a transversion weight from 1 to 10 with most preferring a weight of 2 or 4. Fortunately, the systematic conclusions are not affected as the tree topologies are identical Table 3 Jackknife support, ILD and symmetric tree distances for different partitions of the data set using different weighting regimes for different alignment strategies and treatments of gaps. for both weighting regimes. Unambiguous across all of our recent sensitivity analyses (Meier and Wiegmann, 2002; Damgaard et al., 2005; Laamanen et al., 2005) is the futility of downweighting third positions. Several authors had argued for such a treatment because third positions evolve at faster rates when compared with first and second positions (see References in Laamanen et al., 2005) . In the present study, the downweighting of third positions never leads to any improvement in branch support, character congruence, or topological congruence and this conclusion holds for any of our three ways to align the data. This result adds to the mounting evidence that the downweighting of third position is generally not a useful technique (see References in Laamanen et al., 2005) and that third positions often contain important phylogenetic structure (e.g., Ka¨llersjo¨et al., 1999) .
More controversial are our findings with regard to indel treatment and the preferred alignment technique. Giribet and Wheeler (1999) had strongly argued based on theoretical arguments that (1) indels should always be coded as fifth character state, and that (2) numerical alignments are always preferable over ''manual'' or ''by eye'' alignments.
With regard first issue, we find that for our Clustal alignment, coding indels as missing values decreases character incongruence and increases topological congruence and branch support; i.e., all optimality criteria indicate that indels should be treated as missing data. For the manual alignment, the results are more ambiguous. Depending on what measure is used and how the data are partitioned, character incongruence and topological congruence either improve or worsen while jackknife support is highest for the analysis coding indels as missing data. One could argue that these results may be due to problems with implementing the same indel costs during alignment and cladistic analysis, but unfortunately this cannot be tested because the default alignment parameters of Clustal use affine gap costs and manual alignments do not utilize a fixed cost matrix. What is more important from the empirical point of view is that our result indicates that at least for some data sets and alignments treating gaps as missing data may be appropriate. In any case, we find that for our Clustal-aligned data set one can either honor the call for using indels as character states or one can optimize character incongruence and topological congruence. Both goals are not simultaneously attainable and we would argue that then the choice of the indel-coding technique becomes a matter of value judgment. It appears to us that overall character incongruence and topological congruence are more important than the theoretical arguments in favor of coding indels as fifth character states; i.e., if one were to use an unmodified Clustal alignment, one should code the gaps as missing values. With regard to the second issue, the preference of numerical alignments over manual ones, we have to disagree with Giribet and Wheeler (1999) , because our sensitivity analyses clearly reveal that the manual alignment is outperforming the Clustal alignment with regard to character incongruence, topological congruence, and branch support. We thus do not see any evidence that the ''numerical'' alignment produced by Clustal is a viable alternative to manual alignment for those users who would like to use a fixed alignment for their cladistic analysis (see also Laamanen et al., 2005) . Our results thus lend some support to the widespread practice of using manual alignments. Note also, that the results based on such alignments are similar to those based on morphological character matrices in that they are perfectly repeatable at the cladistic analysis stage. For this reason alone, we find it difficult to see why a technique that is acceptable for morphological data should be rejected for DNA sequence data. Of course, we agree with Wheeler (2003) that it would in principle be preferable to use a technique that automates alignment and tree search. But this does not answer the question of what one should do if automatization sacrifices phylogenetic accuracy as measured by partition congruence.
But is there an automated technique that performs as well as manual alignments? We find that the results based on our manual alignment and direct optimization are indeed very similar with regard to character incongruence, topological congruence and preferred tree. The main difference lies in branch support where the manual alignment greatly outperforms direct optimization. Unfortunately, it remains unclear whether jackknife values across the different techniques can be directly compared because the jackknifing of a fixed alignment employs different sampling techniques than jackknifing during optimization alignment. We thus urge further study in this area because more information on this issue will be important when comparing support values from different studies. Could it be that the jackknife values from POY are generally lower than those from analyses using fixed values? Only additional studies exploring different alignment techniques can resolve this issue. Fortunately, in the case of the Scathophagidae, the trees favored by POY and the manual alignment are topologically identical with regard to ingroup relationships; i.e., the choice of analysis technique does not influence our systematic conclusions. The only difference concerns the Muscidae, which are not monophyletic on the POY trees, although muscid monophyly is well supported based on morphological characters; i.e., the tree based on the manual alignments is here favored. This is similar to Meier and Wiegmann's (2002) analysis of coelopid relationships (Diptera). Here, only the analysis using a manual alignment of 16S rDNA recovered the monophyly of Coelopidae and the authors favored the trees obtained from the manual alignments given the strength of the morphological evidence for coelopid monophyly.
Node support and node stability
One remarkable phenomenon displayed by our data set is that the tree topology supported by equal weighting (Fig. 3 ) differs in several important regards from the topology of our favored tree while the latter is very stable with regard to different transversion and third position weights. For example, the sister group relationship between Cordilura and Nanna clades is not supported on the equally weighted trees and the clade consisting of the genera Hydromyza, Spaziphora, Chaetosa, Pogonota, Trichopalpus, Acanthocnema and Okeniella, which is a sister group to the Scathophaga clade on the equally weighted tree moves to the base of the Scathophaginae on the preferred tree. It is in discussing this phenomenon that Giribet's (2003) concept of node stability proves its utility. Many nodes on our scathophagid tree are extremely stable (Fig. 2a, b) in that they are supported by most or all weighting matrices utilized in our sensitivity analyses and are furthermore insensitive to alignment techniques. Node stability sensu Giribet (2003) has been criticized by Grant and Kluge (2005) who argued that it is epistemologically unsound and questioned that node stability and node support are fundamentally different concepts. However, as pointed out by Giribet (2003) , it is not uncommon to find nodes that are very stable across many analysis conditions, but have relatively low support as measured by jackknifing or bootstrapping. Our tree furnishes additional examples such as the Gimnomera + Scathophaga clade that is recovered under almost all analysis conditions, although the jackknife support is usually less than 50%. Overall, we find that a plot of nodal support versus nodal stability across the entire tree (Fig. 5 ) reveals that the two measures are only mediocre predictors of each other. Interestingly, node stability is higher for direct optimization while we pointed out earlier that node support is higher for a fixed alignment.
Systematic conclusions
We had earlier remarked that scathophagid systematics is in a state of chaos at multiple levels. Some of this chaos can be removed based on the results of our study. Commenting on the monophyly of the Muscoidea and the position of Scathophagidae would require sampling non-muscoid calyptrate and acalyptrate outgroups while our study only included muscoid taxa. However, regardless of which branch is used for rooting, certain hypotheses are never supported. For example, a clade consisting of Muscidae + Scathophagidae is non-monophyletic under all possible roots while other proposals such as a sister group relationship between Scathophagidae and the remaining Muscoidea and a clade composed of Anthomyiidae + Scathophagidae are viable options. The latter was favored in a preliminary analysis in which we used the acalyptrate Curtonotum helvum as a non-muscoid outgroup. Unfortunately, the data for Curtonotum was too incomplete to allow for a formal inclusion in this study, but we consider it likely that Anthomyiidae + Scathophagidae will form a clade.
More definite answers can be provided with regard to the monophyly of Scathophagidae and its two constituent subfamilies. All three taxa are well-supported as monophyletic. Equally well supported are a number of important genera such as Cordilura, Nanna, Norellia, Gimnomera, Hydromyza and Spaziphora. Some of the remaining genera are more problematic, but in most cases the issues can be resolved by eliminating small or monotypic genera. For example, based on our data, Pogonota (seven spp. in genus) is paraphyletic with respect to Okeniella (three spp. in genus), which should probably be synonymized with the former. Chaetosa (two spp.) is similarly paraphyletic with respect to Trichopalpus (five spp.; Hackman, 1956; Vockeroth, pers. comm; Bernasconi et al., 2000a) and the former should probably be synonymized with the latter. However, formal synonymization should await a study of all species.
The relationships within the relatively speciose genus Cordilura are not well supported and relatively labile to variation in analysis conditions, but its monophyly is supported as long as the monotypic Phrosia is synonymized with Cordilura. The position of Phrosia has been controversial at the subfamily level. Gorodkov (1986) had placed it in the Delininae, a position that had been questioned by other authors (Pu¨chel, pers. comm) who considered it part of the Scathophaginae based on morphological similarities of the adults to Cordilura. The latter position found some support in Bernasconi et al. (2000a) , but is now very well supported by our new data set (jackknife ¼ 100). Both Cordilura and Phrosia have phytophagous larvae living in plants growing in wet habitats with the former apparently being restricted to Carex while Phrosia is known to feed on Liliaceae.
The sister group of Cordilura is a clade containing Nanna, Cleigastra apicalis, Neorthacheta dissimilis and Orthacheta cornuta. Again, there has been some taxonomic disagreement, especially with regard to the placement of Cleigastra apicalis in the scathophagid subfamilies (Collin, 1958; Kloet and Hincks, 1976; Gorodkov, 1986; Nelson, 1988) . Bernasconi et al. (2000a) favored a placement in the Scathophaginae (Bernasconi et al., 2000a) and our analysis again suggests the same. Norellia and Gimnomera are both monophyletic with high jackknife support. Based on the number of bristle rows on the tibia of the first leg, the genus Norellia has been divided into two subgenera (Sack, 1937; Gorodkov, 1986; Sˇifner, 1995) : Norellia, Norelliosoma. The only species in the subgenus Norellisoma (N. tipularia) is placed as the sister species of all Norellia so that this subdivision is consistent with our phylogenetic hypothesis.
The monophyly of Scathophaga has been the subject to some speculation. We find that monophyly can only be restored if the monotypic Ceratinostoma is synonymized with Scathophaga while the proposed subgenus classification of Scathophaga is consistent with our tree (Cuny, 1983; Vockeroth, pers. comm) . The subgenus Scathophaga is monophyletic and consists on our tree of S. analis, S. inquinata, S. lutaria, S. cineraria, S. suilla, S. taeniopa, S. incola, S. furcata, S. tropicalis, and S. stercoraria. Also monophyletic is the subgenus Coniosternum (S. obscura, S. tinctinervis) which had previously been treated as a separate genus (Bernasconi et al., 2000a (Bernasconi et al., , 2001 ) and was thought to be closely related to Scathophaga (Hackman, 1956) . A third group within Scathophaga consist of S. calida and S. litorea and Ceratinostoma. The larvae of the latter all develop in decaying brown algae.
Natural history evolution
The Cyclorrhapha exploit a large diversity of habitats and breeding substrates with the ancestral larval breeding habit widely being thought to be saprophagy (Ferrar, 1987) . From here, other breeding habits such as phytophagy, parasitism and predation are thought to have evolved. However, our tree for Scathophagidae suggests a very different scenario for this family. The ancestral feeding mode is phytophagy. The larvae of the closest relative the Anthomyiidae, breed in different substrates including decaying organic matter, dung, flowering plants, ferns and fungi (Ferrar, 1987) . Determining the ground plan condition for this family is unfortunately not possible given that the phylogenetic relationships within Anthomyiidae are poorly understood and we only include few species. It thus remains unclear whether the phytophagy in Scathophagidae is homologous to the phytophagy known from many species of Anthomyiidae. However, contrary to scenarios proposed in the literature, saprophagy in the form of breeding in dung or other decaying organic matter is not the ancestral mode for Scathophagidae and has instead evolved twice from phytophagy. Predation has evolved two times independently, once from phytophagy and once from saprophagy (Fig. 4) .
The first shift to saprophagy involves the genus Scathophaga. Most species are coprophagous while others have shifted to other decaying organic matter. Most notably, S. calida, S. litorea and Ceratinostoma have become specialists for decaying brown algae stranded on beaches, a breeding substrate that is popular with many cyclorrhaphous flies that are otherwise predominantly known from dung (Moeller, 1965 , e.g., Sepsidae: Orygma; Sphaeroceridae: Thoracochaeta). The second shift to saprophagy from phytophagy involves Cleigastra apicalis and can illustrate how saprophagy can evolve from phytophagy. The larvae of Cleigastra apicalis are found in galls made by Lipara (Choropidae) or tunnels made by lepidopterous larvae feeding on Rumex and Phragmites. However, the Cleigastra larvae are not phytophagous or predacious as previously thought (see Chandler and Stubbs, 1969) . Instead they feed on the frass of caterpillars in these tunnels (Groth, 1969) ; i.e., the saprophagous Cleigastra larvae are still intimately associated with other phytophagous insects, although they are no longer directly feeding on plant tissue.
A few species of scathophagids are not only predatory as adults, but also have predatory larvae. Scathophaga obscura larvae feeds on the egg masses of caddis flies (Berte´and Wallace, 1987) and according to our phylogenetic hypotheses evolved this predatory behavior from saprophagous ancestors. The same unusual substrate is used by Acanthocnema larvae, which are found feeding on egg masses of caddis flies in swift streams (Hilton, 1981; Suwa, 1986; Anderson, 1997) . Given the independent evolutionary origin, it is not surprising that Nelson (1992) found that the mode of feeding and mouth hook morphology differs significantly between Acanthocnema and Scathophaga. Acanthocnema belongs to the second predatory clade in the Scathophagidae, which also comprises Spaziphora, Chaetosa, and Trichopalpus. This predatory clade has larvae living on lake shores and in sewage where they feed on small invertebrates (Graham, 1939; Irwin, 1978) . The larvae of the sister group, Hydromyza, mines in leaves or tunnels in submerged petioles of Nymphaceae (Nuphar and Nymphaea), which suggests that predation evolved from a phytophagous ancestor with aquatic or semiaquatic larvae.
Most phytophagous species of Scathophagidae are only known from one host species, but these very narrow host ranges could be due to the generally sparse information on the breeding habits of scathophagids. Unfortunately, the optimization of life-history characters Fig. 4 . Tracing of natural history evolution in the Scathophagidae. One of the optimizations when phytophagy is coded separately as dicot and monocot (represented by symbols) is shown here. In this case, the Scathophagid ancestor was feeding on monocot plants. Taxa for which there is either species-specific information or at least statements about the genus have been included.
does not unambiguously resolve whether the scathophagid ancestor was feeding on monocots or dicots and whether it deposited its eggs on or into the plant host. The former is known from the Delininae, which feed on Orchidaceae, Liliaceae and Commelinaceae while the Scathophaginae insert their eggs into the plant material and utilize a range of monocot and dicot hosts. Depending on character coding, phytophagy itself only evolved once or several times. When phytophagy is a priori considered homologous and thus treated as a single character state, it is found at the base of the scathophagid tree and has been lost three times. However, a more complex picture emerges when a non-additive phytophagy presence ⁄ absence character is used and different character states are assigned to phytophagy on monocots and phytophagy on dicots. Fourteen equally parsimonious optimizations suggest a wide range of scenarios ranging from three origins of phytophagy with one host shift between monocots and dicots to a single origin of phytophagy and three host shifts. However, the relationship between host and the phytophagous scathophagid species is not as chaotic as this may suggest. Some genera are entirely restricted to particular families of plants; i.e., it appears that over short time periods scathophagids rarely undertake dramatic host shifts. For example, Hydromyza are only known from water lilies (Nymphaeaceae), Cordilura only known from Carex (Cyperaceae), Nanna only known from Gramineae, and Gimnomera feeds on the seeds and ovules of Scrophulariaceae. An exception is Norellisoma, which appears to utilize a wide range of hosts (Liliaceae, Rosaceae, Polygonaceae) and Norellia (Amaryllidaceae: Narcissus L. and Leucojum L.).
Conclusions
Our study manages to clarify many important issues surrounding the systematics of Scathophagidae. It also provides a first insight into the relationships within the Muscoidea and is a start for more extensive work on Calyptratae involving the remaining families in this group. We also demonstrate that simplistic ideas about the evolutionary relationships between saprophagy, phytophagy, and predation will have to be revised. In Scathophagidae, phytophagy is an important launching platform for becoming saprophagous and predacious. We are confident that the ongoing work on the Assembling the Tree of Life for Diptera will soon provide new data for testing long-standing hypotheses about natural history evolution in Diptera and other insects.
